Cytochemical techniques employing lead-precipitation of enzymically released inorganic phosphate have been widely used in attempts to localize the plasma membrane proton pump (H+-ATPase) in electron micrographs. Using Avena saliva root tissue we have performed a side-by-side comparison of ATPase activity observed in electron micrographs with that observed in in vitro assays using ATPases found in the soluble and plasma membrane fractions of homogenates. Cytochemical analysis of oat roots, which had been fixed in glutaraldehyde in order to preserve subcellular structures, identifies an ATPase located at or near the plasma membrane. However, the substrate specificity and inhibitor sensitivity of the in situ localized ATPase appear identical to those of an in vitro ATPase activity found in the soluble fraction, and are completely unlike those of the plasma membrane proton pump. Further studies demonstrated that the plasma membrane H+-ATPase is particularly sensitive to inactivation by the fixatives glutaraldehyde and formaldehyde and by lead. In contrast, the predominant soluble ATPase activity in oat root homogenates is less sensitive to fixation and is completely insensitive to lead. Based on these results, we propose a set ofcriteria for evaluating whether a cytochemically localized ATPase activity is, in fact, due to the plasma membrane proton pump.
Results from biochemical, genetic, and electrophysiological experiments performed over the past decade have demonstrated that there is a proton pump (H+-ATPase) in the plasma membrane of fungi and higher plants (1, 9, 12, 15, 16, 20) . This enzyme creates an electrochemical gradient of protons which drives the uptake and accumulation of solutes into the cytoplasm. Microscopic localization of the H+ -ATPase would be useful to confirm its role in plasma membrane function as well as to identify differences in its distribution and activity among various cell types.
The most commonly used procedure for cytochemical localization of phosphatases involves incubation of fixed tissue in a medium containing lead and substrate and visualization of leadphosphate precipitates (25) . Numerous investigators have used this approach to localize ATPase activity in plant cells (7, 8, 10, activity in corn leaves (RF Evert, RJ Mierzwa, W Eschrich, unpublished data), we likewise observed mainly plasma membrane deposition, but the substrate requirements and inhibitor sensitivities of the cytochemically localized activity were different from those observed with in vitro assays of H+-ATPase isolated from higher plants and fungi (3, 24) . In addition, although biochemical experiments indicate that the proton pump releases all of its phosphate on the cytoplasmic face (16) , much of the cytochemically detected deposition was observed on the extracellular face of the plasma membrane. Taken together, these results led us to question whether the localized ATPase could be the plasma membrane proton pump (H+-ATPase). Rather, our data suggested that some other phosphatase, perhaps loosely associated with the plasma membrane, must be the source of the localized activity.
In order to test this suggestion rigorously, we compared the in vitro sensitivities of the H+-ATPase in isolated plasma membranes and of a soluble ATP-hydrolyzing activity in oat root homogenates to the inhibitors and fixatives used in cytochemical studies. We also tested the substrate specificities of these enzymes, for comparison to cytochemical work. Oat roots were used because of the ease of obtaining stable plasma membrane preparations with a high specific activity of ATPase (20) . As described below, cytochemical localization of ATPase activity in oat roots gives results qualitatively identical to those obtained in the earlier work on corn leaves. Based on results obtained from the experiments described herein, we suggest a set of criteria for evaluating whether cytochemically localized ATPase activity is in fact due to the activity of the H + -ATPase.
MATERIALS AND METHODS
Plasma Membrane Preparation. Membranes were isolated as described by Surowy and Sussman (20 
RESULTS
In Situ Cytochemical Localization. Electron micrographs of glutaraldehyde-fixed oat roots show localization of ATPase activity at the plasma membrane in all cell types of the root; however, localization is most intense in cells of the phloem strands (Fig. 1A) . The plasma membrane deposition is seen on both sides of the membrane (Fig.1B) , as well as scattered throughout the cell wall. The ATPase activity was unaffected by PCMBS ( Fig.1C ) but was almost entirely eliminated if the tissue sections were treated with 0.1 mm molybdate prior to incubation with substrate ( Fig. 1D) . A cytochemical activity with the same pattern of localization was observed when either ADP ( Fig. 2A) or ,B-GP ( Fig. 2B ) was used as the substrate. As with the ATPase activity, these activities were unaffected by PCMBS (data not shown).
Yield of ATPases from Homogenized Oat Roots. A membrane fraction enriched in the plasma membrane proton pump and a soluble fraction enriched in an ATP-hydrolyzing phosphatase were isolated from homogenized oat roots. Ammonium sulfate precipitation of the 48,000g supernatant fraction yielded 0.22 ± 0.01 units of ATPase activity per g fresh weight of root tissue (mean + SE, average of 2 preparations). The average yield of plasma membrane proton pump (H+-ATPase) activity was 0.062 ± 0.008 units per g fresh weight (mean ± SE, average of 10 preparations). Therefore, on a fresh weight basis, there is approximately three times as much extractable soluble phosphatase activity as there is plasma membrane proton pump activity.
Substrate Specificity in Vitro. As judged by biochemical assays, the plasma membrane H + -ATPase is quite different from soluble ATPase activities in its substrate specificities and divalent cation requirements (Table I ). The plasma membrane H+-ATPase showed no activity with substrates other than ATP and displayed no activity in the absence of Mg2+. In contrast, the soluble enzyme was slightly inhibited by divalent cations and readily hydrolyzed ADP and f-GP in addition to ATP. The small amount of mo- In previous studies with fractionated membranes and isolated enzyme, the plasma membrane proton pump has been reported to be sensitive to treatment with sulfhydryl reagents (12, 24) . We have confirmed these observations in the present study using PCMBS (Fig. 5 ). In the in vitro ATPase assay, this reagent strongly inhibited the plasma membrane proton pump (Ko0. less than 0.05 mM) (Fig. 5A) uble phosphatase that sometimes contaminates plasma membranes during isolation (4, 24) . It has been less commonly used in cytochemical studies in part because of its insolubility in the presence of lead (14) . In the present study we observed that the isolated plasma membrane H+-ATPase was indeed much less sensitive to molybdate than the soluble activity (Fig. 5B) Cell types are marked as in Figure 1 . Alternatively, association of lead deposits with the plasma membrane may be due to short-range diffusion of the phosphate released by cytoplasmic or cell wall phosphatases prior to its precipitation by lead (6) . If the phosphate does diffuse, the unique surface properties of the plasma membrane, which allow its isolation in two-phase polymer systems (11) may account for the special affinity of that membrane for the reaction product.
The proton pump will be difficult to localize successfully by cytochemical methods. Since lead is essential to the WachsteinMeisel technique, its inclusion in the reaction mixture cannot be avoided, despite its inhibitory effect on the H +-ATPase (Fig. 4) .
Reducing the lead concentration would reduce the inhibition of the proton pump, but may not give satisfactory localization due to increased diffusion of phosphate before precipitation, causing a change in the observed distribution of reaction product (13) .
The extreme sensitivity of the proton pump to glutaraldehyde Table II . Phosphate released during the incubation was measured as described. Solutions were made fresh to avoid loss of lead from the solutions due to precipitation by phosphate released by nonenzymic hydrolysis of ATP catalyzed by lead (13 Lead had no effect on the phosphate assay.
\ ',, (Fig. 3A) would seem to preclude the localization of its activity in glutaraldehyde-fixed tissue. Although the proton pump is more i X tolerant of fixation by cold formaldehyde (Fig. 3B) (Fig. 3C) . Thus the 'signal' generated cytochemically by the proton pump Inhibition in vitro by fixatives. Plasma membrane (@) or sol-will necessarily be diminished, both by lead and by the fixation )hatase (0) were preincubated with varying concentrations of conditions. hyde or formaldehyde in 10 mm Pipes/NaOH (pH 6.7) for the Additional problems arise due to 'noise' generated by other at the temperatures shown in the figure. The reaction of plant ATPases. Plants contain a large number of ATP-hydrovith fixatives was stopped by 100-fold dilution into ATPase lyzing enzymes, some of which have no known specific inhibitors. iixture and the residual ATPase activity was assayed as de-In oat roots, there is three times as much soluble ATP-hydro-"Materials and Methods." Controls were preincubated for the lyzing activity as there is plasma membrane H+-ATPase. This and temperature in the absence of fixative, and then assayed activity creates a background which must be reduced in order to e diluted fixative concentrations, to correct for any additional see the signal arising from the pump. Occurring during the assay. Residual NH4SO4 in the phosphaMolybdate is a useful reagent with which to reduce this backration was shown to have no protective effect.
ground. The cytochemical ATPase activity in oat roots is com- pletely eliminated by 0.1 mm molybdate (Fig. 1D ). In contrast, there is no significant inhibition by molybdate of the biochemically assayed plasma membrane H+-ATPase at concentrations below 0.3 mm, while the soluble activity is inhibited by 90% at concentrations below 0.1 mM (Fig. 5B) . However, molybdate alone is not a sufficient distinguishing criterion since 10% of the soluble ATPase activity was nearly insensitive to this reagent.
Earlier investigators have similarly compared the characteristics of in vitro activities with those localized in situ (e.g. Ref. 8); however, much of that work was done before the introduction of adequate procedures for isolating H + -ATPase uncontaminated by other phosphatase activities. Our review of the literature suggests that the lack of established criteria for evaluating whether cytochemical lead deposits are due to the proton pump have led other investigators to conclude that they have localized the pump when their data does not support that conclusion. The in vitro work described herein, as well as the characterization of purified and partially purified plasma membrane H + -ATPase in fungi and higher plants by other investigators (3, 24) suggest such a set of criteria, as follows:
1. Deposition should be specific for ATP as substrate. ADP and f3-GP should produce no deposition.
2. Reaction product should have a specific requirement for Mg2 + as divalent cation. Since endogenous Mg2 + may be present, either deposition should be increased by Mg2+ but not by Ca2 +, or activity should show no requirement for divalent cations (suggesting sufficient Mg2+ is present endogenously). Preincubation of fixed sections with EDTA prior to incubation with ATP and lead may allow a Mg2+ requirement to be shown.
3. The cytochemical activity should be sensitive to covalent sulfhydryl reagents such as PCMBS and N-ethylmaleimide. This is not a specific requirement since some apyrases (membraneassociated enzymes which hydrolyze both ADP and ATP, see e.g. Ref. 23) are also sensitive (22) .
4. Reaction product due to the proton pump should be insensitive to 0.1 mM molybdate. Again this is not a specific requirement since some apyrases are also insensitive (24) . 5. Since phosphate is released into the cytoplasm by the proton pump during hydrolysis of ATP (16) 
